previously to generate single copy insertion with transposon-based transgenesis 45 methodology, which had been originally developed in C. elegans but with limited success 46 in C. briggsae. Here we modified the transposon-based methodology by incorporation of 47 a heat shock step, which allows us to achieve a much higher transgenesis efficiency in C. 48 briggsae with single copy insertion. We used the method to generate 54 independent 49 insertions mostly consisting of a mCherry tag over the C. briggsae genome. We 50 demonstrated the use of the tags in identifying interacting loci responsible for hybrid male 51 sterility between C. briggsae and C. nigoni when combined with the GFP tags we generated 52
Abstract 21 C. briggsae as a companion species for C. elegans has played an increasingly important 22 role in study of evolution of development, gene regulation and genome. Aided by the 23 isolation of its sister spices, it has recently been established as a model for speciation study. 24
To take full advantage of the species for comparative study, an effective transgenesis 25 method especially those with single copy insertion is important for functional comparison. 26
Here we modified a transposon-based transgenesis methodology that had been originally 27 developed in C. elegans but worked marginally in C. briggsae. By incorporation of a heat 28 shock step, the transgenesis efficiency in C. briggsae with single copy insertion is 29 comparable to that in C. elegans. We used the method to generate 54 independent insertions 30 mostly consisting of a mCherry tag over the C. briggsae genome. We demonstrated the use 31 of the tags in identifying interacting loci responsible for hybrid male sterility between C. 32 briggsae and C. nigoni when combined with the GFP tags we generated previously. Finally, 33
we demonstrated that C. briggsae has developed native immunity against the C. elegans 34 toxin, PEEL-1, but not SUP-35, making the latter a potential negative selection marker 35 against extrachromosomal array. 36 37 Summary 38 Nematode C. briggsae has been used for comparative study against C. elegans over 39 decades. Importantly, a sister species has recently been identified, with which C. briggsae 40 is able to mate and produce viable hybrid progeny. This opens the possibility of using 41 nematode species as a model for speciation study for the first time. To take full advantage 42 of C. briggsae for comparative study, an effective transgenesis method to generate single 43 Introduction 60 As a comparative model of Caenorhabditis elegans, C. briggsae shares a similar 61 morphology, carries a genome of comparable size (Ren et al., 2018; Ross et al., 2011; Stein 62 et al., 2003; Yin et al., 2018) and adopts similar developmental pattern to that of C. elegans 63 (Zhao et al., 2008) . As a model organism, C. elegans genome has been subject to intensive 64 manipulations with various tools, including random mutagenesis with ultraviolet light 65 coupled with trimethylpsoralen (UV/TMP) ( Thompson et al., 2013) , low copy insertion of 66 transgenes with biolistic bombardment (Hochbaum, Ferguson, & Fisher, 2010; Praitis, 67 Casey, Collar, & Austin, 2001; Radman, Greiss, & Chin, 2013), targeted single copy 68 insertion using transcription activator-like effector nucleases (TALEN) system (Lo et al., 69 2013; Wood et al., 2011) , or using CRISPR/Cas9 system ( To isolate post-zygotic hybrid incompatible (HI) loci between C. briggsae and C. nigoni, 89 a dominant and visible marker is required for targeted introgression, in which the genome 90 of one species is labeled with the marker and repeatedly backcrossed into the other to 91 isolate the HI loci. The marker greatly facilitates tracing of its linked genomic fragment 92 during backcrossing and its associated HI phenotype. Given numerous such markers are 93 required over a genome, generation of such markers using targeted single-copy insertion 94 becomes an enormous burden. This is because that the efficiency for targeted single-copy 95 insertion is relatively low. As an alternative, over 100 GFP markers were inserted into the 96 Importantly, the insertion site cannot be precisely determined due to unknown copy number 105 of the transgene and its arrangement within host genome. As such, the transgene insertion We have recently demonstrated that inter-chromosomal interactions are involved in hybrid 112 male sterility between C. briggsae and C. nigoni (Bi et al., 2019; Li et al., 2016) . For 113 example, a C. briggsae X chromosome fragment in an otherwise C. nigoni background as 114 an introgression leads to male sterility. Hybrid F1 male sterility can be rescued by the 115 presence of the introgression and another C. briggsae genomic fragment on its 116
Chromosome II. We speculate that such interacting loci might be common in producing 117 HI. Availability of the dual-color labeling system makes it possible for systematic mapping 118 such interacting loci. This is because it facilitates tracking of co-segregation of the two loci. 119
It is worth noting that most existing markers in the C. briggsae genome were derived from 120 GFP, preventing effective screening for such loci. Therefore, C. briggsae animals bearing 121 a visible marker other than the GFP are desired. The method was also adopted in C. briggsae but with a much lower efficiency with 129 to be established in C. briggsae. To facilitate screen for single-copy insertion, a negative 135 selection marker cel-Phsp-16.41::peel-1 was co-injected into animals to kill 136 extrachromosomal array-bearing worms during screening (Frøkjaer-Jensen, Davis, Ailion, 137 & Jorgensen, 2012). However, the killing efficiency of the negative selection marker peel-138 1 has not been investigated in C. briggsae. 139
This study established a highly efficient methodology for inserting single-copy transgene 140 into the C. briggsae genome based on miniMos. Negative selection marker against 141 transgene consisting of extrachromosomal array was also explored with limited success. 142 143
Materials and Methods

144
Nematode strains 145 C. elegans, C. briggsae and C. nigoni wild isolates used in this study were N2, AF16 and 146 JU1421, respectively. The C. briggsae dpy-5(zzy0580) knockout strain ZZY0580 was 147 generated using CRISPR/Cas9 with AF16 followed by backcrossing to AF16 for three 148 generations. Introgression strains used were ZZY10330 (zzyIR10330 (X [cbr-myo-2p::gfp, 149 cbr-unc-119(+)]), AF16>JU1421) (Bi et al., 2015) , ZZY10377 (zzyIR10377 (X [cbr-myo-150 2p::mCherry, neoR]) , AF16>JU1421) from C. briggsae transgenic strain ZZY0777 (Table  151 S2). Introgression strains ZZY10353 (zzyIR10353 (II [cbr-myo-2p::gfp, cbr-unc-119(+)]), 152 AF16>JU1421) (Bi et al., 2015) and ZZY10382 (zzyIR10382 (II [cbr-myo-2p::mCherry, 153 neoR]), AF16>JU1421) were generated from C. briggsae transgenic strain ZZY0782 154 (Table S2 ). Details for all the transgenic strains generated in this study were included in 155 Table S2 . All the C. elegans and C. briggsae lines were maintained on 1.5% nematode 156 growth medium (NGM) seeded with E. coli OP50 at room temperature and in a 25 °C 157 incubator, respectively, unless specified otherwise. 158
Introgression 159
Introgression was performed as described (Bi et al., 2015) . Specifically, C. briggsae 160 transgenic strains, ZZY0777 and ZZY0782 each expressing a single-copy of Pmyo-161 2::mCherry located on the X and chromosome II, respectively, were backcrossed to C. pCFJ909, pCFJ910, pGH8, and pMA122 was acquired from Addgene (cat# 177 1000000031). Vector pZZ113 containing sgRNA expression cassette against cbr-dpy-5 178 was derived from PU6::unc-119_sgRNA (Addgene plasmid # 46169) as described 179 (Friedland et al., 2013) . The cbr-dpy-5 gRNA target sequence is 180 GGAGCCCCAGGAGAGCCAGG. Primers used for construct building were listed in 181 Table S1 . An overview of plasmid compositions was shown in Fig 
Selection marker for transformation 202
For selection with Neomycin (NeoR), injected animals were allowed to recover overnight 203 (12 to 16 hours) followed by heat shock treatment on a 35 °C water bath for three hours. 204
The heat shock treated plates were incubated at room temperature for half hour to recover. 205 Then 500 μl of 12.5 mg/ml G418 solution was added to each plate. Plates were incubated 206 at 25 °C for 6 to 7 days. Twelve F2 animals were singled onto a new NGM plate from the 207 P0 plates crowded with animals. Homozygosity was checked based on reporter expression 208 in F3. 209
For selection with cbr-dpy-5, all rescued dpy-5(+) F1 animals were singled onto individual 210 plates. Twelve F2 animals were singled onto new plate from each F1 plate in which over 211 50% animals were dpy-5(+) ones. F2 plates with 100% dpy-5(+) animals that did not 212 express visible co-injection markers were kept for genotyping. 213
Development of negative selection marker for extrachromosomal array 214
A fusion PCR product was made between a cassette consisting of peel-1::tbb-2 UTR or 215 gfp::tbb-2 UTR and the C. briggsae syntenic region of hsp-16.41 promoter with the primers 216 listed in Table S1 . Additional details of C. briggsae syntenic region of hsp-16.41 promoter 217 sequence screening are available in Fig. S2 . Injection mixture was made with pMA122, 218 pZZ185, pZZ196 or the fusion PCR product at 70 ng/µl, fluorescent co-injection marker 219 vector pZZ161 at 20 ng/µl, pGH8, pCFJ90, pCFJ104 at 10 ng/µl each, and pZZ203 at 50 220 ng/µl. 221
To examine the lethality in C. briggsae after heat shock, an array-bearing line was 222 generated and embryos harvested for synchronization. The synchronized L1 animals were 223 divided into two groups, one was subjected to heat shock treatment at 35 °C for 3 hours 224 before transferring into 25 °C incubator, and the other was incubated at 25 °C without heat 225 shock treatment as a control. C. elegans heat shock treatment was performed at 34 °C for 226 3 hours. The ratio of surviving adults carrying an array out of all progeny were calculated 227 in both control and heat-shock treated animals. 228
229
Results
230
Heat shock treatment significantly increased the efficiency of transgene insertion 231
To improve the transgenesis efficiency using miniMos in C. briggsae, we started the 232 transgenesis by repeating the steps basically as described previously (Frøkjaer-Jensen et al., 233 2014), i.e., injection of a vector carrying cbr-Pmyo-2::gfp along with a transposase-234 expressing vector into cbr-unc-119 deletion mutant strain RW20000 (Zhao et al., 2010) . 235
One of major complications associated with the cbr-unc-119 as an injection selection 236 marker was the low transformation efficiency even for the formation of extrachromosomal 237 array. This was the case using the rescuing fragment from either C. elegans or C. briggsae 238 (data not shown). We speculated that the low insertion rate associated with the selection 239 marker could be related to the low transformation efficiency of single copy insertion. 240
To improve transformation efficiency, we generated another injection selection marker 241 cbr-dpy-5 using CRISPR/Cas9. This was based on the observation that dpy-5 had been 242 used as a very efficient selection marker in C. elegans microinjection (Hunt-Newbury et 243 al., 2007; Zhao, Sheps, Ling, Fang, & Baillie, 2004). As expected, cbr-dpy-5 worked as an 244 effective selection marker for microinjection. We successfully obtained three independent 245 transgenic lines with single copy insertion using the marker after injecting 35 animals. 246
However, due to lack of negative selection maker against extrachromosomal array, it is 247 tedious to screen for the rescued animals out of all progeny. 248
We then performed miniMos-based single-copy insertion using neomycin as a selection 249 marker as described (Frøkjaer-Jensen et al., 2014; Giordano-Santini et al., 2010). The 250 method provided a key advantage in simplifying selection of the transformed animals 251 because all un-rescued animals were killed, but the overall efficiency of obtaining single-252 copy insertion was not improved compared with previous studies (Fig. 2) . 253
Given that heat shock treatment significantly increased transposition frequency (Ryan et 254 al., 2016) , we reasoned that inclusion of a heat shock step might boost the successful rate 255 of transgenesis in C. briggsae based on miniMos, which is a modified transposon. As 256 expected, inclusion of a step of heat shock treatment, i.e., 35 °C for 3 hrs, we were able to 257 significantly increase the frequency of single-copy insertion of Pmyo-2::gfp or Pmyo-258 2::mCherry (Figs. 1 & 2) . Insertion frequency increased from lower than 5% without heat 259
shock to approximately 25% with heat shock for both constructs, indicating that the heat 260 shock treatment was essential for increasing transposition rate. 261
262
A large collection of single copy insertions expressing Pmyo-2::mCherry were generated 263 in C. briggsae 264
To complement the genetic resources mainly consisting of GFP insertions over the C. 265 briggsae we generated previously (Bi et al., 2015) , we decided to generate a cohort of 266 insertions randomly distributed over the C. briggsae genome with a focus on generation of 267 insertion expressing a fluorescent protein other than GFP, i.e., Pmyo-2::mCherry. This 268 would be particularly useful for isolation of interacting loci responsible for hybrid male 269 sterility as detailed below. To this end, we generated a total of 54 insertions consisting of 270 9 Pmyo-2::gfp and 45 Pmyo-2::mCherry that were able to be uniquely mapped to the C. 271 briggsae genome ( Fig. 3 and Table S2 ). The markers show roughly random distribution 272 over the C. briggsae genome. 273 274
Dual-coloured marking system facilitates screen for interacting loci responsible for HI 275 loci 276
We demonstrated that genetic interaction between X Chromosome and autosome was 277 essential for hybrid male sterility between C. briggsae and C. nigoni (Bi et al., 2019) . 278
Identification of such interacting loci is challenging without proper markers on interacting 279
chromosomes. We showed that the interaction between independent GFP-labelled C. 280 briggsae introgression fragments on two different chromosomes was essential for male 281 fertility in C. nigoni, but it was difficult to pinpoint these interacting loci systematically. 282
Availability of such dual-colour labelled strains would greatly facilitate the identification 283 of such interactions. To help illustrate this point, we tried to recapitulate the interaction we 284 identified earlier by using two C. nigoni strains ZZY10377 and ZZY10382 that carry a 285 mCherry-labelled introgression fragment derived from the right arm of the C. briggsae X 286 and chromosome II (Fig. 4) , respectively, between which an interaction was found (Bi et 287 al., 2019) . We crossed two introgression strains, one labelled with GFP and the other with 288 mCherry in reciprocal way. We then examined the fertility of the males that simultaneously 289 carried both introgressions. We found that the males carrying the both loci were mostly 290 fertile, whereas the males carrying a single introgression of GFP or mCherry inserted on 291 the X chromosome were sterile, indicating that the dual-colour labelled introgressions did 292 recapitulate the interaction. Presence of the dual-coloured markers paves the way for To adopt the negative selection marker in C. briggsae, we first compared the killing effect 303 of PEEL-1 in C. elegans and C. briggsae through its forced expression driven by a C. 304 elegans heat shock promoter, Phsp-16.41. We generated transgenic lines carrying 305 extrachromosomal array consisting of the PEEL-1-expressing vector in both C. elegans 306 and C. briggsae. The synchronized L1 animals were subjected to heat shock at 34 °C and 307 35 °C for C. elegans and C. briggsae, respectively. The killing effect in C. elegans was 308 comparable to that reported previously (Seidel et al., 2011) , but no apparent killing was 309 observed in C. briggsae after heat shock treatment (Fig. 5A) . 310
To further investigate what caused the failure of PEEL-1 to kill C. briggsae, we replaced 311 C. elegans heat shock promoter, Phsp-16.41, with its C. briggsae equivalent (Fig. S2) and 312 generated the transgenic lines. Again, we did not observe significant increase in killing (Fig.  313 5A). We reasoned that the C. briggsae heat shock promoter might not be a functional 314 equivalent of Phsp-16.41. To examine whether the C. briggsae syntenic heat shock 315 promoter responds to heat shock treatment, we generated transgenic lines carrying 316 extrachromosomal array consisting of a fusion between the C. briggsae heat shock 317 promoter and GFP. We did see induced GFP expression in the transgenic animals after heat 318 shock treatment in both C. elegans and C. briggsae (data not shown), suggesting that C. 319 briggsae somehow develops immunity against PEEL-1. To further investigate C. 320 briggsae's immunity against PEEL-1, we generated transgenic C. briggsae animals 321 expressing peel-1 driven by an effective promoter, Peft-3, which was known to able to drive 322 expression in C. briggsae (Frøkjaer-Jensen et al., 2012 , 2014 . Again, we did not observe a 323 significant killing effect (Fig. 5B ). Taken together, it seems that C. briggsae develops 324 native immunity against PEEL-1, preventing it from being used as a negative selection 325 marker against extrachromosomal array. 326
Limited success of using sup-35 as a negative selection marker for extrachromosomal 327 array 328
In addition to peel-1, a maternal-effect toxin, SUP-35, that kills developing embryo, has 329 recently been identified in C. elegans (Ben-David et al., 2017). To test the killing efficiency 330 of SUP-35 in C. briggsae, we made a sup-35-expressing vector driven by the C. elegans 331 eft-3 promoter, Peft-3 ( Fig. S1 ). We injected the construct along with fluorescence co-332 injection markers into both C. elegans and C. briggsae. As expected, nearly all F1 embryos 333 expressing the fluorescence markers arrested at late embryogenesis or as early larvae for 334 both C. elegans and C. briggsae (Fig. 5C ), indicating that SUP-35 is an effective toxin in 335 C. briggsae and has a potential to be developed as a negative selection marker against 336 extrachromosomal array in C. briggsae. To this end, we generated transgenic strains in C. 337 elegans and C. briggsae that carry an extrachromosomal array, which consists of the sup-338 35-expressing vector driven again by C. briggsae equivalent of hsp-16.41 promoter (Fig.  339  S2 ). However, we did not observe any significant killing effect in C. elegans after heat 340 shock treatment (Fig. 5D ). Because C. elegans expresses both PEEL-1 and its antidote 341 ZEEL-1 only transiently in embryo, but expresses SUP-35 and its antidote PHA-1 342 throughout its life cycle (Gerstein et al., 2010) . It is possible that the postembryonic PHA-343 1 is sufficient to neutralize the toxicity of SUP-35 induced by heat shock treatment in C. 344 elegans. It is also possible that the C. briggsae heat shock promoter may not respond to 345 heat shock as effectively as its C. elegans equivalent in C. elegans. Consistent with this, 346 the heat shock treatment showed a significant killing effect in C. briggsae carrying the 347 same construct, i.e., from 66.4% to 39.6% though it is not efficient enough to serve as a 348 negative selection marker. 349
350
Discussion
351
Given the similar morphology, physiology and developmental program between C. elegans 352 and C. briggsae, methods for C. elegans transgenesis are expected to be transferrable to C. 353 briggsae with minimal modification. However, there is an exception to this, which is the 354 case for miniMos mediated single-copy insertion (Frøkjaer-Jensen et al., 2014). 355
Potential cause of low efficiency of transgenesis in C. briggsae mediated by miniMos. 356
It has been well established that transposon mobility can be significantly increased across 357 species after exposure to biotic or abiotic stress (Bouvet, Jacobi, Plourde, & Bernier, 2008; 358 Liu, Chu, Choudary, & Schmid, 1995; Walbot, 1999) . Heat shock proteins serve as 359 molecular chaperone to facilitate folding of other proteins into their appropriate 360 conformations following heat exposure, thus buffering the subsequent phenotypic changes 361 (Erlejman, Lagadari, Toneatto, Piwien-Pilipuk, & Galigniana, 2014). Perturbation of heat 362 shock protein also increases transposition frequency in a similar way to that of heat 363 treatment itself. It is possible that under optimal growth condition, C. briggsae has a more 364 robust system to maintain genome integrity in its germline than C. elegans, which prevents 365 its genome from environment-induced damage or editing. Improvement of transgenesis 366 efficiency by heat shock treatment or inhibition of heat shock pathway could be at the cost 367 of compromised genome integrity. One important way to preserve genome integrity in the 368 germline is through Piwi-interacting RNA (piRNA), which constitutes one of the major 369 regulatory molecules that curb the transposon activities (Ishizu, Siomi, & Siomi, 2012) . 370
Consistent with this, functional perturbation of Hsp90 attenuates the piRNA silencing 371 mechanism, leading to transposon activation and the induction of morphological mutants 372
in Drosophila (Specchia et al., 2010) . Therefore, the transgenic strains generated using heat 373 shock treatment should be subjected to rigorous backcrossing with wild isolate before any 374 functional characterization. 375 376
Differential responses to PEEL-1 and SUP-35 between C. elegans and C. briggsae 377
It is intriguing that C. briggsae responds differentially to the overexpressed paternal toxin 378 PEEL-1 and maternal toxin SUP-35 from C. elegans. In C. elegans, PEEL-1 was believed 379 suspected to function as a calcium pump on the cell membrane by generating a membrane 380 pore, which leads to the release of intracellular calcium (Seidel et al., 2011) . The maternal-381 effect toxin, SUP-35, kills developing embryos, but the molecular mechanism of its toxicity 382 remains unclear (Ben-David et al., 2017). Our data showed that C. briggsae somehow 383 develops native immunity against PEEL-1 but not SUP-35 (Fig. 5 ). However, forced 384 expression of SUP-35 driven by the C. briggsae heat shock promoter did not mediate 385 complete killing of C. briggsae after heat shock treatment (Fig. 5D ). Two possible reasons 386 account for the ineffective killing. First, time windows for SUP-35 killing seems to be 387 narrow, i.e., at certain stage of embryogenesis. This is why a constitutive promoter, i.e., 388 eft-3 promoter is able to drive SUP-35 expression and mediate complete killing. For the 389 heat shock promoter, its response to heat shock may be more effective during larval A. Schematics of introgression strains expressing GFP marker (green) generated previously 584 with biolistic bombardment or mCherry marker (red) generated with miniMos in this study. 585 Strains ZZY10330 and ZZY10377 carry an X-linked introgression derived from C. 586 briggsae that produces GFP or RFP expression, respectively, and HI phenotype in an 587 otherwise C. nigoni background, i.e., hybrid male sterility. Strains ZZY10353 and 588 ZZY10382 carry a Chromosome II-linked introgression derived from C. briggsae that 589 produces GFP or RFP expression, respectively, and HI phenotype in an otherwise C. nigoni 590 background, i.e., homozygous inviable (not shown). 
